Material and Methods
Protein expression and purification Myristoylated Arf1 was purified from E. coli coexpressing N-Myristoyl Transferase and bovine Arf1 by ammonium sulfate precipitation, followed by DEAE and Mono S chromatography (S1). Full-length ArfGAP1 was purified from Sf9 cells (S2) by Nickel and Mono Q chromatography. The N-terminal fragment of GMAP-210 (GMAP N = amino acids 1-375) and the "4K i " mutant of ArfGAP1 with 4 lysine residues in the ALPS1 motif have been described previously (S3) .
The C-terminal fragments (GMAP C-short = amino acids 1597-1830, GMAP C-long = amino acids 1597-1843) were cloned via BamHI-EcoRI restriction sites into a pGEX-2T vector, which adds a GST tag and a thrombin cleavage site at the N-terminus. Point mutations were introduced by the QuikChange kit (Stratagene). MiniGMAP consists of amino acids 1-375 and 1597-1843 of GMAP-210 separated by a short linker with the following sequence: PGSTRAAAS. It was constructed as follows: the N-terminal fragment of GMAP-210 (aa 1-375) followed by the short linker and cloned into pGEX-4T was amplified by PCR and inserted into the pGEX-2T vector containing GMAP C-long via BamHI-HindIII restriction sites. MiniGMAP lacking the N-terminal ALPS motif (the first 38 residues) was constructed with the same strategy using a construct, GMAP N -∆ALPS (amino acids 39 to 375 of GMAP-210) described previously (S3) . Constructs with a C-terminal hexahistidine tag, deriving from GMAP N and GMAP N -ΔALPS, were prepared by the QuikChange kit.
The GMAP constructs were expressed in E. coli at 17°C in the presence of 0.2 mM IPTG (at O.D. 600 nm = 1.0) overnight. All purification steps were conducted in buffer A (50 mM Tris, pH 7.4, 120 mM NaCl, 1 mM MgCl 2 , 1 mM DTT), which was supplemented during the first purification steps with PMSF (0.2 mM), bestatine (1 µM), pepstatine (10 µM), phosphoramidon (10 µM) and protease inhibitor tablets (Roche). Cells were lysed by a French press and the lysate was centrifuged at 200,000 g for 1 hour. The supernatant was applied to Glutathione Sepharose 4B beads. After 3 washing steps, the beads were incubated with thrombin to cleave the GST fusion and allow the release of the protein of interest. The eluate was further purified by gel filtration chromatography (Sephacryl S-300 for miniGMAP or Sephacryl S-200 for GMAP C-short and GMAP C-long ). The [L1783A]GMAP C-long mutant shows less solubility compared to the wild-type form when expressed in E. coli. The yield of protein recovery in the soluble fraction was therefore lower. For this mutant, we omitted the last gel-filtration step. As a result this mutant was not as pure as the wild-type form (see Fig. S1 ). Proteins were stored at -80°C with 10% glycerol. To check the identity of the purified proteins, we analyzed them by mass spectroscopy (see Table S1 ). The exact sequence of the N-terminus of miniGMAP was also checked by Nterminal sequencing. The presence of a functional tag at the C-terminus of GMAP N -His 6 and GMAP N -ΔALPS-His 6 was checked by Western-Blot using a monoclonal anti-polyhistidine antibody (Sigma). Because all GMAP constructs dimerize through their long coiled-coil regions, the concentration of dimer is used to express protein amount.
Analytical gel filtration
The various GMAP-210 constructs were analyzed by gel filtration on a Superose 12 column equilibrated in buffer A (see Table S1 ). Calibration was performed using the following standards: apoferritin (molecular weight 443 kDa, Stokes radius 6.1 nm), alcohol dehydrogenase (150 kDa, 4.5 nm), bovine serum albumin (67 kDa, 3.6 nm), carbonic anhydrase (31 kDa, 2.4 nm) and cytochrome c (12.6 kDa, 1.6 nm).
Circular Dichroism
CD measurements were performed on a Jasco J-815 spectrometer at room temperature using a thin quartz cell (path length 0.05 cm). Before measurement, the proteins were dialyzed against 10 mM Tris, pH 7.5, 150 mM KCl to remove glycerol. Potential aggregates were removed by ultracentrifugation. Each spectrum is the average of several scans recorded from 195 to 260 nm with a bandwidth of 1 nm, a step size of 0.5 nm and a scan speed of 50 nm.min 
Preparation of liposomes loaded with Arf1GTP
We used a standard procedure that consists of incubating myristoylated Arf1GDP with liposomes and with an excess of GTP at low Mg 2+ concentration (S8) . Typically the sample containing proteins and liposomes was prepared in HKM buffer (50 mM Hepes, pH 7.2, 120 mM K-acetate, 1 mM MgCl 2 , 1 mM DTT). At time zero GTP and 2 mM EDTA were added.
This lowers the concentration of free Mg 2+ in the micromolar range. Under these conditions, GDP to GTP exchange on myristoylated Arf1, which is correlated to its translocation to the liposomes, occurs with a half-time of about 2 min at 37°C and can be followed by tryptophan fluorescence (S8). After 15 min incubation, the concentration of free Mg
2+
was raised back to 1 mM by adding 2 mM MgCl 2 .
Flotation experiments
Flotation assays similar to that described previously (S9) were used to determine protein binding to liposomes. Proteins and liposomes were first mixed in HKM buffer (sample volume 150 µl). When indicated, GDP to GTP exchange on Arf1 was performed using the protocol described above. Thereafter the sample was adjusted to 30% sucrose (total volume 250 µl) and covered with two cushions (200 µl of 25% sucrose in HKM and 50 µl of HKM buffer). After 1 hour centrifugation at 240,000 g and 20°C in a TLS-55 swing rotor, the top 100 µl fraction, which contains the liposomes, was collected and analyzed by SDS-PAGE using Sypro Orange staining (Invitrogen) and a fluorescence imaging system (FUJI LAS-3000).
NBD Labeling of GMAP C Long
NBD labeling of GMAP C-long was performed on a double mutant lacking the single endogenous cysteine (C1722S) and displaying a cysteine in the C-terminal amphipathic helix (T1829C) (Fig. S2A ). This mutant was purified using Glutathione Sepharose 4B beads and gel filtration chromatography as for the wild-type form. NBD labeling was performed between these two chromatographic steps using a 5-fold molar excess of N,N'-dimethyl-N-(iodoacetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (IANBD-amide, FluoProbes). After 5 minutes at room temperature the reaction was stopped by the addition of 1 mM cysteine. The excess probe was removed during the gel-filtration step. The purified protein was analyzed by SDS-PAGE and UV-visible spectroscopy (see Fig. S2B ). From the data shown in figure S2 (panels B and C) this gives a value of 106%, suggesting a complete and stoichiometric labeling of the protein.
NBD-fluorescence
For kinetics measurements, NBD fluorescence was continuously measured at 537 nm (bandwidth 10 nm) upon excitation at 495 nm (bandwidth 3 nm) in a Shimadzu RF 5301-PC fluorimeter equipped with stirring, injections and temperature control facilities. The sample initially contained 0.2 mM Golgi-mix liposomes in HKM buffer (total volume 600 µl) and was placed in a cylindrical quartz cell, which was continuously stirred with a small magnetic bar and thermostated at 37°C. At the indicated times, NBD-labeled GMAP C-long , Arf1GDP, GTP, EDTA, MgCl 2 and ArfGAP1 were injected from stock solutions through a guide in the cover of the fluorimeter adapted to Hamilton syringes, such as to not interrupt the fluorescence recording (see Electron microscopy of liposomes.
The sample containing the liposomes and the proteins was prepared in HKM buffer and mixed in a 0.5 ml tube. At the indicated time, 20 µl was placed on a piece of parafilm and an EM grid with a carbon film was applied to the drop followed by staining with uranyl acetate (1%).
The grid was examined with a Philips CM12 electron microscope at 80 kV.
Cell culture, immunofluorescence and electron microscopy Full-length GMAP-210 and miniGMAP were cloned via EcoRI-NotI and BamH1-EcoRI restriction sites respectively into a pcDNA3 vector containing a Kozak sequence upstream the coding sequence. HeLa cells were cultured on collagen-coated coverslips in 6-well plates in DMEM containing 10% FCS, penicilline and streptomycin. Cells were transfected with 4 µg DNA/well with Lipofectamine2000 (Life Technologies) according to manufacturer's protocol for 22 hours. After transfection, cells were fixed in 3% paraformaldehyde for 30 min, permeabilized with 0.5% saponin for 10 minutes in PBS followed by treatment for 1 hour with 10% HS and 0.05% saponin in PBS to avoid non-specific labeling. Cells were then incubated for 1 hour with a polyclonal rabbit anti-GM130 (1:50, AbCam) and a mouse anti-GMAP-210 (1:100, BD Biosciences). Then, cells were treated with anti-mouse and anti-rabbit secondary antibodies
(1:100) conjugated to fluorescence probes (FluoProbe) in presence of Hoechst for 1 hour before wash. Coverslips were mounted with Mowiol overnight on glass side in the dark. The ability of the anti-GMAP-210 antibody to recognize full-length GMAP-210 as well as miniGMAP was assessed by Western-Blot. For electron microscopy, cells were fixed in situ with 1.6% glutaraldehyde in 0.1 M phosphate buffer at room temperature and then for several hours at 4°C.
Samples were rinsed in the same buffer and post-fixed with 1% osmium tetroxide and 1% potassium ferrocyanide in a 0.1 M cacodylate buffer for 1h at room temperature to enhance the staining of cytoplasmic membranes (S10). Cells were rinsed with distilled water and embedded in epoxy resin. Embedded samples were then conventionally processed for thin sectioning and counterstaining. Thin sections were observed with a Philips CM12 transmission electron microscope equipped with an Olympus SIS CCD camera.
Tethering assay with giant liposomes
All experiments were done at room temperature in a final volume of 200 µl in a Lab-Tek 8-chamber coverglass (Nunc) coated with 5 mg/ml casein to avoid liposome adsorption. Small liposomes (Golgi-mix containing 4% PI(4,5)P 2 and 1% rhodamine DHPE) were diluted in a chamber in 20 mM Hepes, pH 7.5, 120 mM K-acetate, 1 mM MgCl 2 and 1 mM DTT (this buffer is iso-osmotic with the sucrose buffer used to prepare the giant liposomes) and mixed manually Golgi-mix liposomes (50 µM accessible lipids, R = 38 ± 9 nm) covered with Arf1GTP (0.25 µM) were incubated with miniGMAP at different concentrations for two min at room temperature. Note that liposome aggregation is detected with as low as 25 nM miniGMAP. Considering that a lipid occupies a surface area of ≈ 0.7 nm 2 , a liposome with a radius of 38 nm has about 2x4π(38) 2 /0.7= 50,000 lipids. This gives for the molar concentration of liposomes a value of 1.9 nM. Therefore we estimate that before aggregation, the number of miniGMAP molecules per liposome is from 13 to 65 when the concentration of miniGMAP varies from 25 to 125 nM. (A) For electron microscopy, two populations of liposomes of defined size (25 µM accessible lipids each) and either covered or not with Arf1GTP (0.125 µM) were mixed at time zero with miniGMAP (62.5 nM) as indicated. Liposomes radius: large, R = 143 ± 45 nm; small, R = 36 ± 7 nm. After incubation for 30 s at room temperature, the liposome suspension was stained with uranyl acetate. For dynamic light scattering, the protein concentration was twice as that used in EM (see also Fig. 2C ). These EM and DLS experiments demonstrate that the presence of small naked liposomes is required to trigger efficient aggregation when Arf1GTP is present on large liposomes (compare "large(Arf1GTP)/small" with "large(Arf1GTP)/large"). Note also the difference between the second combination "large(Arf1GTP)/small" and the fourth combination "small(Arf1GTP)/large" as observed by EM. In the former case, the large liposomes are cemented by small liposomes, suggesting that both are involved in the tethering reaction. In the latter case, one sees clusters (c) of small liposomes and free large liposomes (L), suggesting that the large liposomes are excluded from the aggregation process. Note that it would be impossible to distinguish these two modes of aggregation by DLS. (B) To better compare the first combination "small(Arf1GTP)/small" and the third one "large(Arf1GTP)/large" shown in (A) the DLS aggregation curves had been normalized according to the initial liposome radius (R 0 ). This demonstrates that aggregation is strongly favored by membrane curvature. of ArfGAP1 and when GTP hydrolysis in Arf1 can occur. In contrast, in the absence of ArfGAP1 or in the presence a nonhydrolysable GTP analogue (GTPγS), red spots corresponding likely to clusters of small liposomes were observed (arrows). Some of them are connected to giant liposomes. In the absence of GTP, the red background stays homogenous and clean (no red spots) as in the absence of miniGMAP. This further demonstrates that Arf1GTP is required to promote tethering by miniGMAP (see Fig. 2A and Fig. S7 ).
